This paper deals with the design of Ni 47 Ti 44 Nb 9 shape memory alloy (SMA) tightening components. The tightening of an SMA ring on an elastic pipe is analyzed using the finite element code ABAQUSÒ and a UMAT subroutine developed by the authors to model the specific behavior of Ni 47 Ti 44 Nb 9 SMA. Main features of the thermomechanical model implemented in this UMAT routine are briefly recalled. Numerical predictions are validated using experimental tightening pressures obtained on a test bed developed in this work. The validation strategy is documented and the results for different ring thicknesses are presented. This finite element tool is then applied to a parametric study of the influence of ridges on the tightening pressure. Eventually, geometrical defects like out of roundness are considered.
Introduction
Sealing solutions are often required in various industrial areas. One of the requirement is to ensure a connection between two pipes. Among the various solutions proposed, those using shape memory alloy (SMA) rings stand out (Kauffman and Mayo, 1996) . Their simplicity involving only heating at a moderate temperature and their reliability are major advantages. NiTi rings are often adopted, but they are restricted by the narrow temperature range in which this application can operate. The low transformation temperature hysteresis of NiTi SMA is responsible for the narrow size of the operating domain; typically about 50°C. The occurence of plastic strain in NiTi SMA induces a hysteresis enlarging and improves the application field. However, the amount of plastic strain required to enlarge significantly the transformation temperature hysteres has a negative impact on the shape memory properties. Fe-based SMA are known for their abilities to exhibit plastic strain without important loss of shape memory capability, but their lack of corrosion resistance makes them unusable in major industrial applications. Ni 47 Ti 44 Nb 9 SMA was developed to overcome these limitations (Melton et al., 1989) . Specific composition combined with adapted thermomechanical treatments strongly increase the hysteresis size. The presence of elastic-plastic niobium inclusions explains this particular behavior (Zhang et al., 1991) . Ni 47 Ti 44 Nb 9 SMA is consequently often considered in industrial applications as connectors, sealing rings and clamping components. Despite its importance for industry, Ni 47 Ti 44 Nb 9 SMA has been attracted very little attention in research works. A thermomechanical model was only recently proposed (Piotrowski, 2010) . It considers niobium precipitates as elastic-plastic inclusions embedded in a NiTi matrix. This model has been implemented in the finite element code ABAQUSÒ. To be able to use it as a numerical tool for industrial applications design, a validation protocol is proposed. The aim is to evaluate the model's ability to accurately predict the Ni 47 Ti 44 Nb 9 behavior from the comparison Various specimen shapes and different loading cases have been proposed to validate shape memory alloy models. A wire-shaped sample is often used (Chemisky et al., in press; De la Flor et al., 2006; Saint-Sulpice et al., 2009; Zaki and Moumni, 2007) . Other researchers have dealt with homogeneous tensile tests on dog bone-shaped plate samples (Peultier et al., 2006) , tension-torsion on thin-wall samples (Panico and Brinson, 2007) , compression tests on bar and springs (Hartl et al., 2010) , and bulging tests (Vieille et al., 2007) . Tightening devices have also been used. Videnic et al. (2007) have studied the constrained recovery in a thick-walled SMA ring. Peultier et al. (2008) have developed a device which consists of the tightening of a shape memory ring on an elastic one.
As Ni 47 Ti 44 Nb 9 alloy is mostly considered for tightening applications, a validation protocol with tightening rings has been adopted for this study. This protocol is detailed in the next section. Tightening pressure evolution with temperature is recorded for two SMA ring thicknesses. Main features of the thermomechanical model used in this work are also given in 'Validation Protocol' section. In the third section of this article, experimental data are obtained, and numerical predictions are compared and discussed to validate the Ni 47 Ti 44 Nb 9 model. The model limitations are highlighted. This validation allows to study the structural effect influence in more complex devices in order to improve their tightening efficiency. A parametric study highlighting the geometric characteristic that influence a ring with ridges is presented to illustrate the capabilities of the numerical model for component design optimization. Eventually, this numerical tool is applied to explain the sealing defect that occurred in some application cases.
Validation Protocol
In this section, the studied device is presented. Experimental and numerical investigations of the device are performed, following the same tightening cycle. After a presentation of this cycle, numerical and experimental parts are described.
Studied Device
The developed experimental device to monitor the tightening pressure provided by an SMA ring is presented in Figure 1 . It is composed of a Ni 47 Ti 44 Nb 9 ring and an Inconel 718 one with a high yield stress allowing a large range of tightening level with an elastic behavior. The internal diameter of the first one is DR I , thickness is t R , and length L R . The Inconel 718 external diameter is DP E , thickness is t P , and length L P . The thermoelastic material parameters of Inconel 718 are a Young's modulus of 205 GPa, a Poisson ratio coefficient of 0.29, and a thermal expansion coefficient of 13 mm=(m 8 C). The plastic yield stress is about 1000 MPa.
Two Ni 47 Ti 44 Nb 9 rings are supplied by Intrinsic Devices in an 'opened state' and internal diameters before opening are unknown. The two configurations, called 'thin' and 'thick', are summarized in Table 1 . Rings are chosen so that internal diameter after opening is equal in both configurations, but with various thicknesses. 'Thin' and 'thick' rings are supplied with different length. The ratio t R =L R is of 0.058 in thin configuration and 0.352 in thick. Elastic ring is chosen in Figure 1 . Device analyzed by the experimental and numerical method-Ni 47 Ti 44 Nb 9 ring tightening on Inconel elastic ring Piotrowski (2010) . 
Tightening Cycle
The tightening cycle is presented in Figure 2 , in which conditioning and implementation cycle are represented. Four characteristic temperatures have to be considered for tightening applications in the described cycle:
T 1 is the temperature at which the SMA ring is opened (conditioning). Pressure is applied on the ring internal face. The SMA has to be in a martensitic state. This means that T 1 must be lower than the M f temperatures, (T 1 \M f ). The pressure induces martensitic reorientation. Once the pressure is released (step 3), an elastic return occurs and the clearance between the two rings is equal to g=2. The SMA ring is placed around an elastic one, and the device is heated. T 2 is the temperature at which the reverse transformation mechanism begins during heating. It is the Ni 47 Ti 44 Nb 9 characteristic transformation temperature A s . Then, increasing temperature induces a decrease of the SMA ring's internal diameter by reverse transformation. After contact between the two rings, tightening pressure appears. T 3 is the temperature to which the device must be heated to obtain maximum tightening by complete reverse transformation. This temperature is related to A f temperature and to the stress state. T 4 is the temperature below which the martensitic transformation occurs and consequently the device loses its tightness.
On comparison with Ni 47 Ti 44 Nb 9 , it is observed that the main disadvantage of classical NiTi, for tightening applications is that the range between forward (M s ) and reverse (A f ) transformation temperatures is quite narrow (Miyazaki et al., 1982) . Indeed, some applications need T 2 to be higher than room temperature to avoid reverse transformation during device transport and T 4 to be lower than 255°C to avoid device disassembly during air transport and storage at low temperatures.
The studied device follows this tightening cycle. In the following sections, numerical and experimental investigations are described.
Numerical Investigations
Ni 47 Ti 44 Nb 9 Model. In this numerical section, the model describing the Ni 47 Ti 44 Nb 9 thermomechanical behavior is briefly presented, followed by the finite element model of the studied device. A model has been proposed leading to effective constitutive equations of the studied alloy (Chemisky et al., 2009) . Experimental investigations of Ni 47 Ti 44 Nb 9 show Nb-rich precipitates embedded into a matrix phase mainly composed of NiTi. They have also shown that Nb-rich precipitates exhibit an elastic-plastic behavior. They are considered as homogeneously distributed inclusions into a NiTi matrix, with a low volume fraction (10%; Zhang et al., 1991) . Considering this microstructure, the Mori-Tanaka transition scale scheme is adopted to derive the effective thermomechanical constitutive law, as illustrated in Figure 3 (M and I denote matrix and inclusion, respectively). The Representative Volume Element (RVE) is composed of SMA Matrix (NiTi) with niobium inclusions. Inclusions are assumed to have a spherical shape and their behavior is described by an elastic-plastic model (Simo and Hughes, 2000; Wilkins, 1964) which leads to the following elasticplastic constitutive equation:
where l I is the mechanical tangent operator, and c I and a I are the fourth order elastic tensor and the second order thermal expansion tensor, respectively. NiTi matrix behavior is described with a macroscopic model (Chemisky et al., in press ). This model takes into account the main SMA physical phenomena and its material parameters are easy to identify. The SMA matrix constitutive law is derived incrementally (Equation (2)):
l M and m M , are the mechanical and thermal tangent operators, respectively. More details about this model and the management of specific behaviors as saturation, internal loop and tension-compression asymmetry are developed in Chemisky et al. (in press ).
Constitutive models of each phase are introduced in the Mori-Tanaka scale transition scheme in order to obtain the effective behavior. This results in an implicit problem, which was numerically solved by an iterative approach based on the return mapping and the Newton-Raphson scheme. The strain inside each phase is defined as follows (Equations (3) and (4)):
with the Mori-Tanaka transition scale tensor (Equation (5)):
Strain in inclusion and in matrix can be derived from macroscopic strain (Equations (3) and (4)). Consequently, by taking into account the constitutive equations for matrix (Equation (2)) and inclusion (Equation (1)), the effective constitutive law is derived as follows:
with the mechanical and thermal effective tangent operators (Equations (7) and (8)):
Material parameters have been identified thanks to experimental tests (He et al., 2006; Liu et al., 2006; Piotrowski, 2010; Wang et al., 2008; Xiao et al., 2008) . represent Young's modulus, Poisson's ratio, and thermal expansion coefficient of thermoelastic behavior in matrix and inclusion, respectively, and are assumed isotropic. The matrix phase transformation parameters are the maximal transformation strain in tension (e T trac ) and compression (e T comp ), the transformation temperatures (M s and A f ), their variation with stress (b), an internal loop parameter (r f ), the critical reorientation stress (F max e T ), and three interaction parameters (H f , H e , and H twin ). The plastic inclusion parameters are the elastic yield stress (s Y ) and two hardening parameters (H iso and n). The parameter z represents the inclusion volume fraction.
A resolution algorithm of the implicit system has been proposed. In the first iteration, strain inside matrix and inclusion are assumed to be equal to the effective Mori-Tanaka tensor is also calculated, which gives consistent values of strain in each phase. These strains are then compared to the initial ones and corrected by a Newton-Raphson algorithm.
Finite Element Model. The studied device is composed of an axisymmetric geometry, loading, and boundary conditions. Thus, an axisymmetric model is considered. Quadrilateral axisymmetric elements (CAX4R) are adopted to mesh the rings. A reduced integration technique is considered. Additional simulations were carried out by using complete integration elements (CAX4). Obtained results were close to those with reduced integration elements. For the thin ring, an element size of 0.22 mm is chosen in order to have four elements in the thickness. In the thick one, an element size of 0.60 mm is chosen, which induces six elements in thickness. It has been verified that such element sizes lead to the convergent results. Figure 4 represents the axisymmetric mesh for the two configurations. For more clarity a 3D representation, obtained by a revolution, is proposed. Inconel elastic behavior is taken into account with an isotropic elastic model. A plastic yield stress at 1000 MPa is considered. Ni 47 Ti 44 Nb 9 implemented model is called by ABAQUS via the UMAT subroutine. The applied cycle is composed of five steps: from an initial austenitic ring, a cooling until 2175°C is applied to form twinned martensite. Then, the internal diameter of the SMA ring is increased by applying uniform pressure. The elastic ring is placed into the SMA one, and heating to 175°C induces reverse transformation and tightening. Finally, cooling at 230°C is applied. A finite sliding frictionless contact, with 'hard contact' normal behavior, is considered.
A preliminary study was conducted to determine the internal diameters of the initial Ni 47 Ti 44 Nb 9 rings: they are opened by the supplier, Intrinsic Device company, before delivery. The internal diameter before this step is unknown. The opening of the ring is through the orientation of twinned martensite variants, and it generates gradients of properties in the ring. It is essential to model this stage of the tightening cycle to accurately describe the real case. For both the rings, simulations are performed with opening of several internal diameter values, until the value after opening is identical to that of the ring provided.
Thick Ring Case. The ring diameter when opened is 25.94 mm. The transformation strain is assumed to reach its saturation value (2%) at the opening of the ring. Several simulations have been conducted, and the determined initial internal diameter of the ring is 25.30 mm.
Thin Ring Case. The ring diameter in its opened state is 25.90 mm, and the determined initial internal diameter of the ring is 25.34 mm.
Numerical Results. The tightening pressure evolution with temperature is presented in the validation section. Figure 5 shows the tightening pressure of each ring at 175°C (end of reverse transformation) and at 15°C (room temperature, after tightening). It can been seen that the tightening pressure slightly decreases during cooling. This phenomenon is due to the thermal expansion and occurs when martensitic transformation is not active. Moreover, it can be seen that the thickness ratio between thin and thick rings (0.249) is close to the tightening pressure ratio at 175°C (0.253).
The SMA ring stress field evolution during loading cycle is represented in Figure 6 . During the opening process, the internal pressure is more important in the thick case. Nevertheless, the stress field to achieve complete reorientation of martensite variants is higher in the thin ring. A stress gradient can be observed in the thick configuration. At the end of reverse transformation, around 175°C, the stress field into the thick ring in the neighborhood of the contact area is close to the stress field in the thin one. At the end of the cooling in the final step, a stress gradient occurs in the thick ring. In that case, the maximal stress state is away from the contact area. Figure 7 shows the macroscopic longitudinal transformation strain evolution during the cycle. One element of the thick ring is studied. This strain is obtained by multiplying two internal variables, the martensite volume fraction and the mean transformation strain. It can be seen that during the first cooling, the martensite formation does not induce macroscopic transformation strain. The ring opening during internal pressure application is related to the martensite reorientation. The macroscopic longitudinal transformation strain reaches 1.28% when the opening stage is completed. This value remains constant during the heating. During reverse transformation, the macroscopic longitudinal strain decreases to recover clearance between the two rings, and then induces tightening.
Experimental Investigation
Tightening Pressure Measurement and Cycle. The internal face of the elastic ring is instrumented by three strain gauges positioned in a rosette-like layout. These are thermally self-compensated. The 45°strain rosette permits determination of the three independent components of a plane strain tensor, as shown in Figure 8 . An analytical relationship between the tightening pressure and the measured strains is obtained. It allows computations of the tightening pressure induced by Ni 47 Ti 44 Nb 9 ring on the elastic one. The tightening pressure P generated on the external face of an elastic ring (Young's modulus E, internal radius R i , and external radius R e ) depends on the internal face axial (e z ) and tangential (e u ) strains, as given by Equation (9) (Piotrowski, 2010) :
Figure 6. Numerical prediction of stress field into SMA rings at different steps of the studied cycle for thin (left) and thick (right) configurations.
The tests were conducted in Doerler Mesures company. Each test was performed twice for each configuration, the first time with a heating rate of 2°C/min and a second with a heating rate of 10°C/min. Ni 47 Ti 44 Nb 9 and elastic rings are assembled into a climatic chamber as shown in Figure 9 . Heating is applied up to 175°C, followed by cooling to 230°C after a stabilization period of 15 min. Disassembly is achieved using liquid nitrogen.
Experimental Results. Figure 10 shows the contact pressure evolution with temperature in the two configurations. Tn2 and Tck2 are tests conducted respectively with temperature rate of 2°C/min in thin (Tn) and thick (Tck) configurations, Tn10 and Tck10 are those conducted with 10°C/min. One can see that temperature rate has no influence on results in the thick configuration, whereas there are some differences in the thin one. Three phases are observed:
Between 30°C and 60°C, a slight increase in tightening pressure of 0.04 MPa/°C is observed.
Between 65°C and 175°C, an increase of 0.27 MPa/°C is observed in the thin configuration until 120°C, followed by saturation. In thick configuration, the increase is of 1.6 MPa/°C until 100°C, followed by a progressive saturation. On cooling, between 175°C and 228°C, a very low tightening pressure decrease is observed in the thin configuration (0.015 MPa/°C) while it is a little higher in the thick one (0.12 MPa/°C).
The first and third phases are caused by the difference between the rings thermal expansion: Inconel 718 thermal expansion coefficient is higher than Ni 47 Ti 44 Nb 9 one. The second phase corresponds to the reverse transformation. The loss of tightening force between the first two phases in the thin configuration corresponds to the reorientation of a part of martensite.
Model Validation
In this section, numerical predictions are compared with experimental results. This comparison validates the model and highlights its limits. More complex structures are then studied to improve tightening efficiency. Figure 11 shows the comparison between experimental and numerical results for thin (Figure 11(a) ) and thick (Figure 11(b) ) devices. In both cases, the temperature at which the contact occurs between SMA and Inconel rings is well predicted, at 60°C. Once contact is made, the tightening pressure evolution with temperature in experimental study is 0.27 and 1.6 MPa/°C for thin and thick configurations, respectively. The modeled value is about 0.25 MPa/°C in thin case, and 1.6 MPa/ °C in the thick one, which are very close to the experimental ones.
Experimental/Numerical Comparison
The main difference between experimental and numerical analysis is the saturation, which numerically appears early in both cases and underestimates the generated contact pressure. In the thin configuration, the predicted pressure at the end of heating is 19 MPa while experimental results give 20 MPa. Similarly, predicted and experimental results are 75 and 80 MPa in the thick configuration. However, the tightening pressure difference never exceeds 7%.
During cooling, the large temperature hysteresis of Ni 47 Ti 44 Nb 9 induces the shape memory ring to remain totally austenitic from 175°C to 230°C. The behavior of this ring is only governed by thermoelasticity of austenite. Thus, the device can be considered as two thermoelastic rings in contact, with different thermal expansion coefficients. Indeed, Ni 47 Ti 44 Nb 9 and Inconel 718 thermal expansion coefficients are respectively 8 and 13 mm=(m 8 C). A temperature increase induces a greater expansion of the Inconel 718 inner ring and increases the tightening pressure. Similarly, a temperature decrease induces a decrease of tightening pressure. In the thin ring configuration, the simulated tightening pressure evolution is identical to the experimental one, that is, 0.015 MPa/°C. However, in the thick one, experimental evolution is 0.12 MPa/°C while the predicted one is about 0.05 MPa/°C. This important difference can be attributed to the analytic equation used to calculate the contact pressure (Equation (9)), which does not take into account the thermal effect. Another explanation may be the experimental error acquisition performed using a thermocouple placed on the surface of the inner ring, where the temperature is not exactly the same as in the Ni 47 Ti 44 Nb 9 ring. In both cases, the tightening pressure difference between experimental and numerical analysis is lower than 10%. Other experiment/model comparisons were performed for various t R =L R ratio. Starting from a given ratio, a gradient of plasticity is observed through the thickness during the opening step. This induces a gradient of transformation properties (Liu et al., 2006; Wang et al., 2008) which is not taken into account in the model.
Complex Structure Simulations
In order to increase tightening pressure, one solution is to decrease the contact region. The thick ring shape is modified as described in Figure 12 . Two ridges are considered. Their emplacement is symmetric following the height direction. The ridge's thickness at the contact region is 1.5 mm. Simulations have been conducted in the same conditions as previous studies. Due to the specific geometry, the discretization around the ridge is important and the tiniest element's length is about 0.5 mm. Figure 13 shows the stress field repartition at the end of the cycle. The ridge structural effect induces an important increase of stress in the elastic ring near the contact area. This stress increase improves tightening efficiency. Nevertheless, two limitations have to be considered. A higher stress level in the SMA induces a higher martensitic transformation temperature. That means that in the final step of the cycle, when the temperature is decreased, the loss of tightening pressure appears early, at a higher temperature. This phenomenon is highlighted by Figure 14 which shows the martensite fraction repartition at the end of heating ( Figure  14(a) ) and at the end of cooling (Figure 14(b) ). It can be seen that the reverse transformation is fully completed at the end of heating. However, at the end of cooling (230°C), martensitic transformation occurs whereas characteristic transformation temperature is lower. The second limitation is the plastic strain of Inconel 718 ring at the contact region. Indeed, Ni 47 Ti 44 Nb 9 and Inconel 718 rings have different expansion coefficients. After tightening, a temperature variation induces a different displacement at the contact region. In the elastic domain, Inconel 718 strain can recover this difference. When the total strain is composed of plastic strain, a loss of tightening can be induced. It can be more problematic in sealing applications. These limitations can be easily predicted by finite element simulations. In the present study, ridge thickness and emplacement into the ring are investigated. Figure 15 highlights the two parameters: 'e', the ridge thickness and 'a', the distance between ridge and ring extremity.
Influence of Ridge Thickness. Five ridge's thicknesses are studied: 0.5, 1, 1.5, 2 and 6 mm. In the last case, thickness is important enough to consider only one ridge, as illustrated in Figure 16 . Figure 17 represents the tightening pressure evolution along the contact surface for each case. It can be seen that the thinnest is the ridge thickness, the greatest is the tightening pressure. The maximum contact pressure is 430 MPa when the ridge thickness is about 0.5 mm. An edge effect is highlighted. In the case where there is only one ridge, this phenomenon is clearly identifiable. In areas where there is no edge effect, obtained contact pressure is the same as that found in previous section (without ridge). When the ridge thickness is 1.5, 2, and 6 mm, the maximum tightening pressure is the same, around 280 MPa.
Influence of Distance between Ridge and Ring Extremity. Figure  18 represents cases where distance between ring extremity and ridge is studied. The following values are considered: 0.5, 1, and 2 mm. The 'a' parameter does not exactly influence the maximum tightening pressure but the pressure spread on the ridge. It can be seen in Figure 19 that the ridge position has an important impact on the maximum tightening pressure, due to a structural effect. When the ridge is near the ring extremity, the maximum tightening pressure is located inside the ridge. Otherwise, when ridges are placed near the ring center, the maximum pressure takes place outside the ridge. An enhanced case has been established where tightening pressure is well distributed on the ridge (a = 1 mm). This parameter is Figure 15 . Two studied parameters: 'e', the ridge thickness and 'a', the distance between ridge and ring extremity. important to control in order to avoid too much stress and unwanted plastic strain.
Geometrical Defect Consideration
In previous simulations, a perfect roundness from the shape memory ring has been considered. Nevertheless, an out-of-roundness has been highlighted on supplied rings. It could be explained by the protocol used to open the rings. This defect induces a loss of tightening pressure and can induce a loss of sealing in specific applications. With the developed model, this out-of roundness has been taken into account. Figure 20 shows the defect introduced on the thick ring. A difference of 0.1 mm between minimum and maximum internal diameter of the Ni 47 Ti 44 Nb 9 ring is taken into account, corresponding to a defect/diameter ratio of 0.4%. The Inconel 718 ring has been modeled with a perfect roundness. In this case, the problem is not axisymmetric, and the developed model has been used in a 3D simulation. Figure 21 represents the stress repartition at the end of the cycle on the ring internal face, and Figure 22 compares maximum and minimum tightening pressure with mean pressure. It can be seen that a difference of 0.1 mm on a diameter of 25.4 mm induces an important heterogeneity in tightening pressure. It varies from 100 to 59 MPa at 175°C. On comparison with mean value around 80 MPa, the difference is about 25%. It can be noticed that mean tightening pressure of 80 MPa is the value obtained in axisymmetric model without the out-of-roundness defect.
Conclusion
A thermomechanical model developed elsewhere and implemented into the finite element software ABAQUS is used to describe the response of tightening rings made in Ni 47 Ti 44 Nb 9 shape memory alloys. The validation strategy of this model has been presented, and an experimental database has been produced using a test This validation allows using this numerical tool for industrial applications design to optimize the component shape or to consider the influence of geometric defects like out-of-roundness. A parametric analysis was performed to determine ridge effect on tightening pressure. The following trends have been identified:
Presence of ridges in SMA rings improves the tightening. Thinnest ridges induce a higher tightening pressure. In SMA rings with two ridges, an enhanced positioning of these ridges is determined. An out-of-roundness defect of 0.4% is enough to induce a local decrease as large as 25% in the tightening pressure These trends are very important for SMA component design. These results are very promising and further investigations are needed to extend the domain of validity of the model considered in this study.
Model validation has been performed in the temperature range of 230°C to 175°C. However, it could be interesting to extend this domain to temperatures below 230°C to be able to consider specific transport requirements. One of the main limitations of the model is that it does not take into account the occurrence of plasticity in the SMA. This excludes accurate prediction for high stress domain when stress exceeds the NiTi matrix plastic yield stress. This case is encountered during the opening step of very thick rings. Further investigations are conducted in order to take into account the effect of a plasticity gradient in NiTi matrix, and material parameter evolution with plastic strain.
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